van der Waals epitaxy (vdWE) facilitates the epitaxial growth of materials having a large lattice mismatch with the substrate. Although vdWE of two-dimensional (2D) materials on 2D materials have been extensively studied, the vdWE for three-dimensional (3D) materials on 2D substrates remains a challenge. It is perceived that a 2D substrate passes little information to dictate the 3D growth. In this article, we demonstrated the vdWE growth of the CdTe(111) thin film on a graphene buffered SiO 2 /Si substrate using metalorganic chemical vapor deposition technique, despite a 46% large lattice mismatch between CdTe and graphene and a symmetry change from cubic to hexagonal. Our CdTe films produce a very narrow X-ray rocking curve, and the X-ray pole figure analysis showed 12 CdTe (111) peaks at a chi angle of 70 . This was attributed to two sets of parallel epitaxy of CdTe on graphene with a 30 relative orientation giving rise to a 12-fold symmetry in the pole figure. First-principles calculations reveal that, despite the relatively small energy differences, the graphene buffer layer does pass epitaxial information to CdTe as the parallel epitaxy, obtained in the experiment, is energetically favored. The work paves a way for the growth of high quality CdTe film on a large area as well as on the amorphous substrates. Published by AIP Publishing. Recently, there has been considerable interest in growing epitaxial films on substrates through van der Waals (vdW) interactions. 1 In contrast to the conventional chemical epitaxy where sharing or transferring of electrons occurs at the film-substrate interface, van der Waals epitaxy (vdWE) is based on a physical Coulomb force through the dipole interaction. Since there is no "dangling bond" at the surface under the vdW forces, it is believed that the requirement of lattice matching to grow a defect free film in the conventional chemical epitaxy may be relaxed, and high quality epitaxial films can be grown even when the lattice mismatch between the film and substrate is very large. This implies that strain is completely relaxed at the interface during a growth, even at the first monolayer. To date, there are many examples of vdWE of a two-dimensional (2D) layered material on another 2D layered material. However, vdWE of a three-dimensional (3D) material on a 2D layered material is much more challenging 2 and has only limited success. [3] [4] [5] A fundamental challenge is that, by the very nature of weak vdW interactions, a typical 3D material would not "wet" the vdW surface to form a uniform, planar film during growth. Sometimes defects are needed to be created at the 2D layered material to induce many nucleation sites in order to grow a 3D film. 6 For example, large surface step structures have been used to promote the nucleation of GaN islands on the graphene/SiC surface. 3 Another attempt is to deliberately create defects by UV irradiation on the graphene surface to induce many nucleation sites in order to grow a 3D CdTe film. 6 In doing so, the quality of the film deteriorated and the film did not exhibit an epitaxial structure. In this paper, we report the growth of epitaxial CdTe film on a graphene surface without pre-treatment using metalorganic chemical vapor deposition (MOCVD) technique.
Graphene is perhaps the most well-known 2D layered material. It has been actively researched, and it possesses many remarkable electronic and optoelectronic properties. 7 Graphene on a substrate is commercially available. Typically, it is grown by chemical vapor deposition (CVD) technique on a Cu foil and then transferred to a SiO 2 /Si substrate. 8, 9 Since the Cu foil is not a single crystal, the nucleation of graphene at different regions would possess different orientations. The net result is that the graphene grown on the Cu foil is polycrystalline. However, it was shown that the orientation of the graphene grains is not completely random. 10, 11 In fact, the grains often show two dominant orientations with a 30 rotation with respect to each other, and each orientation exhibits a small angular dispersion. The substrate we used is a commercially available graphene film grown by CVD on the Cu foil and then transferred to a SiO 2 (285 nm)/Si substrate.
CdTe has been one of the most popular II-VI semiconductors for its application in photovoltaics, aerospace, and radiation detection based applications. vdWE of CdTe has been attempted earlier on a few 2D materials such as NbSe 2 , MoTe 2 , and WSe 2 . 4, 12 However, graphene as a buffer layer material holds many advantages, such as high thermal stability, high optical transparency, and high electrical conductivity, by ease of producing high quality graphene and ease of Published by AIP Publishing. 109, 143109-1 transferring to any desired substrates. 9, 13 Hence, it will be really useful to grow epitaxial CdTe film on graphene. In some previous attempts to grow 3D films on the graphene buffer layer, steps on the graphene surface has been used to aid nucleation of the overlayer atoms along the step edges. 3 In this paper, we report the growth epitaxial CdTe on a flat graphene surface. The in-plane lattice constants of CdTe and graphene are 4.60 Å and 2.47 Å , respectively, giving rise to a lattice mismatch ratio of 46% for CdTe (111) plane grown on graphene (0001) plane.
The CdTe thin film was grown on the substrates using a vertical cold wall MOCVD chamber. The growth conditions and characterization techniques can be found in the supplementary material. The cross-sectional SEM images of samples with CdTe on the SiO 2 /Si substrate (reference sample) and on the graphene/SiO 2 /Si substrate (graphene sample) are shown in Figs , respectively, and the substrate Si (100) peak at 69. 2 . On the other hand, the XRD spectrum for the CdTe/ graphene/SiO 2 /Si sample has three CdTe peaks-(111) at 23.7 , (222) at 48.6 , and (333) at 76.3 in addition to the substrate Si (100) peak. The preferred out-of-plane orientation of the CdTe film was the [111] direction. From the XRD spectra, the CdTe (111) peak intensity from the CdTe/ graphene/SiO 2 /Si was more than 10 times stronger than that from the CdTe/SiO 2 /Si substrate without the graphene buffer layer. It indicates substantially stronger preference for the CdTe film to form the out-of-plane (111) orientation on the graphene buffer layer. Additionally, the XRD rocking curve measurements of both these samples are shown in Fig. 1(c) . The rocking curve obtained from CdTe deposited on the SiO 2 /Si substrate was broad with FWHM ¼ 7.73 , which is typical among polycrystalline films with a fiber texture. In contrast, CdTe deposited on the graphene/SiO 2 / Si substrate produced a much narrower and sharper rocking curve with FWHM ¼ 0.73 , a factor of 10 smaller. This clearly indicates a significant improvement in crystallinity of the CdTe film when grown on a graphene buffer layer.
X-ray pole figure analysis can be used to study the epitaxial relationship between the overlayer and substrate. The pole figures of CdTe (111) 
azimuthal angle. Graphene has a hexagonal structure, which contributes to a six-fold symmetry and a zinc blende structure of CdTe gives rise to a three-fold symmetry. From a theoretical analysis, CdTe (111) film grown on graphene favors a parallel epitaxy with the in-plane orientation relation given by CdTe ½1 10 jj graphene ½2 1 10. Due to the parallel epitaxy, each graphene orientation results in three CdTe (111) primary poles and an additional three twin poles of these primary poles, resulting in a total of six poles at v ¼ 70
. But for the graphene grown on the Cu foil, literature has reported more than one orientation. 10 Therefore, a graphene layer with two preferred orientations gives rise to 12 CdTe apart from each other. In contrast, the azimuthal scan of the CdTe (111) peaks at v 70 from the CdTe/SiO 2 /Si sample shows intensity fluctuations around an average value with no distinct poles as shown in Fig. 2(c) .
The Photoluminescence (PL) spectra of both reference sample and graphene sample are shown in Fig. 3(a) . The PL spectra have been normalized to emphasize the relative shift of PL peaks rather than the absolute PL intensity of the CdTe films. The PL spectrum for the CdTe film grown on graphene exhibits a peak at 829 nm, a red shift from the peak at 817 nm in the spectrum of CdTe on the SiO 2 /Si sample. In general, when film is thin, several mechanisms may contribute to PL shift, which often are quantum confinement effect, phonon-confinement associated electron-phonon coupling, Moss-Burstein effect, crystal polarization-induced band modulation, and elastic strain produced during film deposition. 14 The characteristic dimension of the film we study here is far beyond the quantum confinement regime. In addition, both types of CdTe have similar thickness ruling out the significant contribution from electron-phonon coupling. For Moss-Burstein effect to occur, a significant high power laser source is needed, which is not the case in our sub-mW excitation setup. Thus, a likely origin could be due to the presence of strain. 15, 16 The difference in thermal expansion coefficient and lattice constant between SiO 2 and CdTe produces compressive strain in the CdTe thin film during the growth. The strong chemical interaction between CdTe and SiO 2 surface prevents the strain relaxation. But the vdWE of CdTe on the graphene buffer layer may result in a relaxed film owing to the weak vdW bonding at the interface. 17 It is possible that this strain relaxation in the film causes a 12 nm shift in the PL peak from 817 to 829 nm. The corresponding change in bandgap is 0.02 eV for CdTe on the graphene buffer layer. Such energy shift corresponds to <1% strain of CdTe when the deformation potential theory is applied. 18 Lifetime decay curves of CdTe films grown with and without the graphene buffer layer are shown in Fig. 3(b) . The measured carrier lifetime from CdTe grown on the SiO 2 /Si substrate was estimated to be 49 ps on the surface and 285 ps in the bulk, whereas the carrier lifetime from graphene/SiO 2 /Si was estimated to be 44 ps and 272 ps for the surface and the bulk, respectively. These values are lower than the reported values for surface (200 ps) and bulk lifetime (1-2 ns) in the undoped polycrystalline CdTe. 19 A very small decrease in surface and bulk carrier lifetime was observed in the case of CdTe grown on graphene buffer compared to CdTe directly on SiO 2 . Such a carrier lifetime decrease on graphene buffer can be understood based on the role of graphene as a non-radiative recombination centre at the interface. 20 However, this problem can be alleviated by the separation of electron and hole carriers, for example, in a solar cell device with p-n junction.
The first-principles density functional theory (DFT) calculations were carried out within the generalized gradient approximation using Perdew-Burke-Ernzerhof (PBE) 21 functional and projector augmented wave (PAW) method, 22 as implemented in the Vienna ab initio Simulation Package (VASP). 23 In order to accurately reproduce vdW interactions in the system, DFT-D3 method of Grimme et al. 24, 25 was used. We employed a plane-wave basis set with a kinetic energy cutoff of 400 eV, and a force convergence criterion of 0.05 eV/Å for structural optimization. Integration of the Brillouin zone was performed with C point only because of the big cell size.
Due to the noncovalent weakly bound vdW interaction between the CdTe film and the graphene substrate, a strainfree incommensurate growth, as recently reported in the growth of Bi 2 Se 3 on graphene, 26 is expected. To understand the growth orientation alignment in such a scenario, our calculations used a model of fully relaxed finite-size CdTe cluster on an infinite-size graphene layer. The interaction energy is obtained as a function of the relative orientation angle between CdTe and graphene, where the parallel alignment is defined as CdTe ½1 10 jj graphene ½2 1 10 (black dashed lines in Fig. 4(a) ). To locate the energy minimum at different orientation angles, we have performed interfacial structural optimization by displacing the overlayer in the x-y plane. Figure 4 illustrates the calculated results of atomic structures and the energy profile. The energetically preferred growth orientation is found at 0 angle (parallel epitaxy), while the 30 angle configuration shown in Fig. 4(b) is higher by 0.045 eV. The energy difference is small because of the weak interaction of vdW force. However, according to a recent experimental report, 27 the domain reorientation process in vdWE is still likely to happen at as low as 0.1 meV per atom energy difference. In our calculation, the smallest energy difference is found to be 0.5 meV per CdTe. This value is small but larger than the 0.1 meV threshold to sustain the cluster orientation adjustment to the energetically more favorable angle. Finally, because CdTe (111) and graphene (0001) have three-fold and six-fold rotational symmetry, respectively, the energy profile demonstrates a periodicity of 60 with a mirror plane at 30 . Since the graphene substrate used in our experiment shows two main domains whose orientations are 30 apart, the CdTe would therefore show twelve energy minimum orientations at i(30 ), where i is an integer. In summary, we were able to demonstrate vdWE of the MOCVD grown CdTe film using graphene as a buffer layer, despite the large lattice mismatch between them. The CdTe (111) pole figure along with azimuthal scan showed six CdTe poles plus six twin poles resultant from two dominant domain orientations of the graphene layer, rotated by 30 from each other. The rocking curve from CdTe film grown on the graphene buffer layer was found to be significantly narrower than that without the graphene buffer layer suggesting a substantial improvement in crystallinity, leading to the epitaxy in CdTe film. The PL data of CdTe/graphene/SiO 2 /Si showed a 0.02 eV change in the bandgap of CdTe films likely due to the vdWE, and time resolved PL showed a small reduction in carrier lifetime. Theoretical calculations supported the fact that the vdW interaction between CdTe layer and graphene was responsible for the improvement in crystal quality. The DFT calculations confirmed that the parallel epitaxy of the CdTe film on graphene is favorable, despite the large lattice mismatch between the two. Graphene can serve as a buffer layer to grow the epitaxial CdTe film on any substrate such as glass. For example, in the commercial CdTe based solar cells, polycrystalline CdTe is deposited on the transparent conducting oxide (TCO)/glass substrate. 28 Since TCO is not single crystal, only polycrystalline CdTe can be formed on the TCO surface. It is possible that a graphene layer can be used to buffer the TCO/glass substrate to grow epitaxial CdTe/graphene/ TCO/glass. Hence, substantially higher performance CdTe solar cells may be possible. 
